ABSTRACT. X-ray photoelectron spectroscopy at ambient conditions of pressure (up to 1.5 Torr) and temperature (265K<T<800K) was used to study the adsorption of water on rutile TiO 2 (110) under conditions of thermodynamic equilibrium. It was found that OH groups in bridging positions, normally present in small amounts due to residual O-vacancies, act as nucleation sites for subsequent water adsorption. The adsorption enthalpy of water binding to these sites is ~70 kJ/mol, much stronger than that in the bulk liquid (45 kJ/mol). A model is proposed that relates the structure of the oxide surface to its hydrophilic character.
adsorbed water in equilibrium with the vapor and the structure of the first layers in contact with the surface, including the possibility of dissociation into H and OH groups remain largely unanswered. Oxides are among the most environmentally relevant materials. Rutile TiO 2 in particular is one of the most extensively studied, particularly its (110) surface [1, 2] . The photochemical production of hydrogen from water and the photoinduced hydrophilicity of TiO 2 have attracted attention for potential applications [3, 4] . Wet-electron states that are crucial in redox processes and charge transfer at the water interface have been characterized [5] . Changes in the electronic structure due to defects are of particular importance for water chemistry on TiO 2 . The dissociation of water molecules at bridging vacancy sites has been directly imaged by STM and AFM [6, 7, 8, 9] in ultra-high vacuum (UHV). However, these defects may not be present in solution or under ambient conditions (relative humidity 10-100%). Despite extensive efforts to characterize the interaction of water with TiO 2 (110), important questions such as the nature of the sites that nucleate water adsorption and whether the molecule dissociates as a prerequisite for further adsorption remain controversial. Many experimental studies suggest that on the clean and defect-free TiO 2 (110) surface water does not dissociate [1, 2, 6, 7, 10] , in contrast to theoretical calculations [11, 12, 13] . A surprisingly long Ti-O bond length has been reported based on photoelectron diffraction [14] and interpreted as evidence for molecular adsorption, as supported by a recent calculation [15] . The current disagreement between experiments and theory may be due to the existence of high activation barriers that hinder dissociation and molecular rearrangement [16] , raising the question of whether equilibrium is reached in low temperature a nding coordination decreases as the c nd high vacuum studies.
Less is known about the evolution of water films thicker than a monolayer. Recent theoretical work indicates that the disorder of the H-bonded film increases and H-bo overage increases beyond the first and second molecular layers [17] .
To address these problems we performed experiments under conditions of pressure and temperature near the ice-liquid-gas phase boundary using a specially designed Ambient Pressure Photoelectron Spectrometer. W n at room temperature. During XPS experiments t was determined by using the experimentally determined ratio of O to C 1s peak areas in gas phase CO, ith this instrument, x-ray photoelectron spectroscopy (XPS) could be performed under gas-surface equilibrium conditions of up to several Torr. [18] .
The measurements were performed at beamline 11 binding energies. With reference to the lattice oxygen peak at 530.5 eV, a peak at 1.1-1.6 eV higher binding energy appears upon exposure to water vapor, peak A in figure 1b , that is typical of hydroxyl groups at bridging sites [19, 20] . These OH groups are thought to be acidic in character and to easily donate H (Brønsted acid) [20] . Oxygen-containing carbon compounds (e.g., CO, CO 2 , acetone, alcohols, etc.) from background contamination can also produce a peak at this energy, particularly after filling the chamber with water vapor in the mTorr range for several minutes. The contamination originates most likely from CO and CO 2 , observed in the mass spectra acquired at water vapor pressures of 1 Torr using a differentially pumped mass spectrometer, and from hydrocarbons containing COx groups. The increase in the partial pressure of these gases is likely due to the reaction and displacement of molecules from the chamber walls upon exposure to water vapor in the torr pressure range, or from molecules contained in the water vapor itself.
Indeed even after thorough cleaning to less than 1 ppm concentration, contaminants may produce 10 -6 Torr partial pressures when the total pressure is in the Torr range. Their contribution (submonolayer amounts)
together with the area of adsorbed carbon to estimate, and subtract, the contamination contributions to the surface O1s peaks. The increase of a C1s peak centered around 289eV (which is typical for, e.g., Oc o an OH group on a Ti site and a neighboring O ontaining organic molecules such as carboxyl, keto-or ester groups) correlates with the increase of peak A.
With further water exposure a second peak appears at 2.4 -3.5eV higher binding energy (peak B), which can be attributed to either "basic" hydroxyl [20] , or to molecularly adsorbed water [21] on Ti +4 sites between bridging O rows. As we shall discuss below we find no indication of hydroxyl groups on these sites. However, we can not exclude that species B could correspond to the recently proposed "pseudodissociated" water [6] , i.e., dissociation of a water molecule int H bridge , followed by back reaction to form a water molecule.
We used the Ti2p core level to determine the vacancy concentration by using the Ti 3+ /Ti 4+ ratio under consideration of the electron mean free path [22] and analyzer geometry as described in Ref. [23] . The . Photoelectron diffraction effects were investigated in each case. We determined that they could produce an error in the absolute coverage of at most 20%. Beam induced damage (e.g., water dissociation [24] ) was negligible, as determined by comparing spectra obtained after less than 6s beam exposure with spectra obtained after extensive exposure, or by comparison of irradiated and nonirradiated surface areas after exposure to water. For the photon flux in these experiments, 4 x 10 14 to 3 x 10 15 s -1 cm -2 at 735eV, we can estimate the x-ray induced electron dose to be below 0.1-0.3 e / water molecule. We also found no changes in the VB defect states and the defect-related Ti2p shoulder during irradiation, excluding a possible photon-induced reduction of the TiO 2 sample. Valence band (VB) spectra were normalized to the same intensity beyond the Fermi edge and at 18 eV, which is well above the O2s level. A similar approach has been used previously [25] . A full set of O1s and Ti2p spectra for the stoichiometric, defective (0.125ML vacancies), hydroxylated and hydrated TiO 2 (110) surface can be found in the supporting information online. These spectra also show that defective surfaces (0.125 ML as estimated from the shoulder of the Ti2p core level) produce a peak at about 1 eV higher binding energy than the oxide O1s core level which is not present in stoichiometric surfaces. This can only be due to O atoms neighboring the vacancy site. As we will show below and in the supporting information online, almost all vacancies are immediately healed so that there is no contribution from vacancies to the O1s core level in our e . The following experiments were performed on a surface with an initial defect concentration of 0.125 ML.
xperiments.
A small concentration of O-vacancy defects (≤ 0.125 ML) was found to be always present after surface preparation, even after cooling in O 2 . They give rise to shoulders in the low binding-energy side of the Ti 4+ 2p 3/2 peak due to reduced Ti species. Fig. 1a shows a comparison of the Ti2p 3/2 peak after sputtering (to artificially increase the amount of O vacancies), before and after exposure to water. The Ti +3,+2 shoulder decreased very rapidly after exposure to 0.1 mTorr of H 2 O, while peak A, due to hydroxyl groups, increased to a coverage of around 0.25 ML. This indicates that most of the vacancy defects are readily filled, except for a very small residual amount (< 0.03 ML), which we attribute to bulk defects [2] . A hydroxyl coverage of 0.25 ML is indeed expected from the initial 0.125 ML of vacancies present in this case, if each water molecule dissociates into an OH group that fills the vacancy, and a H atom that forms an identical species by binding to another bridging O site. For defect concentrations lower than 0.125 ML, the final OH coverage is also lower, but always equal to twice the defect concentration To ascertain the existence of thermodynamic equilibrium between vapor and surface we performed isobar and isotherm experiments. The isobar in fig. 2a , recorded in 0.4
respectively. Only peak B changes with water exposure, increasing in intensity and shifting to lower energies. The peak at 536 eV Torr water, shows that the OH coverage is constant over the temperature range from 800K to 275K and equal to twice the initial defect concentration.
Water adsorbs on the OH-saturated surface until its coverage equals that of the OH groups. After this, as the temperatures decreases, the water coverage increases more rapidly. Qualitatively similar results were obtained from isotherms, as shown by the room temperature data set in fig. 2b . As expected from equilibrium measurements both curves collapse into one when the data are plotted as a function of relative humidity (RH), as shown in fig. 2c . The RH is defined as p/p v (T)×100, where p v is the equilibrium vapor pressure of bulk water or ice at the corresponding temperature. fig. 1b ) increased rapidly between 0 and 25% RH, with inflections at approximately 12 and 25% RH, which correspond to 2 ML and 3 ML, respectively. Between 25 and 50-60% RH water coverage changed slowly, and then increased rapidly when approaching 100% RH. As before, the amount of bridging OH species remained constant at twice the initial defect concentration (~0.25 ML). Details of the growth of the first water monolayer can be better followed in the enlarged plot of fig.   3b , which summarizes the results of three different experimental isobars. As can be seen, from 5x10 -5 %RH to 3.5x10 -3 %RH (cooling the sample from 800 to 475 K in the presence of 0.4 Torr of water) the amount of adsorbed water increases up to a coverage equal to the initial OH coverage (~0.25 ML), where the uptake curve shows an inflexion followed by a small plateau. Between 0.25 ML and 2 ML water coverage, the O1s XPS peak of adsorbed water shifts towards lower binding energies by 0.5 eV (fig. 4) , with most of the shift taking place below 1 ML. The temperature dependence of the coverage from several isobars was used for an isosteric determination of the adsorption enthalpy and entropy of water [26] . For each coverage the equilibrium pressures and temperatures were plotted in the form ln p vs. 1/T ( fig. 5 ), following the Clausius-Clapeyron equation. Since the gas and surface temperatures are not the same in isobar experiments the use of the Clausius-Clapeyron equation is not strictly valid. However, it is easy to show that the error incurred is very small. This is due to the fact that equilibrium is determined by the equality of the rate of adsorption of gas molecules on the surface, which varies as p/√T, and the rate of desorption, which varies as exp(-E/kT). It is clear that it is the surface temperature that is by far the most important. The maximum error when using T surface instead of T gas for the adsorption rate occurs at T surface = 850 K at which point it is 3.3 kJ/mol. Other sources of error are likely more important. For example, the temperature and pressure during data acquisition varied on the order of <5%, so that average values were used in the plot. Straight line fits to these plots were used to calculate the enthalpy (slope) and entropy (y-axis intercept) of adsorption. As can be seen Our observations can be explained with the following model. It has been suggested from XPS data [19] that species B, which we attribute to molecularly adsorbed water, could be due to basic hydroxyl groups on fivefold coordinated Ti sites. However this implies dissociation of H 2 O, a process that would produce a hydrogen atom that should react with oxygen atoms to form additional OH bridge groups. We do not observe an increase in the OH bridge coverage.
In summary, we have shown that water adsorption occurs in distinct steps. First oxygen vacancies dissociate water and become hydroxylated even at very low water pressure. We found that such bridge Ovacancies are normally present even if only in small amounts on the most carefully prepared surfaces (e.g., annealed in O 2 ). These vacancies are filled with OH by water dissociation even in high vacuum. These OH bridge groups act as a Brønsted acid sites that anchor water molecules to form strongly bound OH-H 2 O complexes. These then act as nucleation centers for further water adsorption. As more water attaches to these nucleation centers, the acidic character of the adsorption complex decreases and the water binding structure tends to that of the bulk liquid. This is achieved after adsorbing approximately 2 ML of water. The kink at 2 ML coverage suggests the formation of a water or ice bilayer at 12% relative humidity, which needs to be confirmed by microscopic measurements. The thermodynamic properties of the adsorbed water film on TiO 2 (110) are similar to liquid water. The wetting properties of TiO 2 (110) are thus driven by moderate amounts (<0.25 ML) of strongly attractive OH sites that nucleate an H-bonded liquid-like water layer.
